Skin cells are vulnerable to oxidative stress-induced senescence, which may lead to abnormal aging or aging-related disorders. Therefore, strategies that can ameliorate oxidative stress-induced senescence are expected to protect skin from damage, holding the promise of treating skin diseases in the clinic. This study aims to investigate whether caffeine, a well-known purine alkaloid, is able to prevent skin from oxidative stress-induced senescence, and to explore the underlying molecular mechanisms. Methods: A free radical inducer 2,2'-Azobis (2-amidinopropane) dihydrochloride (AAPH) was used to induce oxidative stress and cellular senescence in both transformed skin cells and in normal human epidermal keratinocytes (NHEKs). Ultraviolet (UV) irradiation was established as the in vivo oxidative stress model in mouse skin tissues. Cellular senescence was determined by SA β-galactosidase staining, immunofluorescence and western blotting. Activation of autophagy was confirmed by western blotting, immunofluorescence, and transmission electron microscopy. Reactive oxygen species (ROS) detection by commercial kits, gene knockdown by RNA interference (RNAi) and receptor activation/inactivation by agonist/antagonist treatment were applied in mechanistic experiments. Results: We report that AAPH induced senescence in both transformed skin cells and in NHEKs. Similarly, UV irradiation induced senescence in mouse skin tissues. Remarkably, low dose of caffeine (<10 μM) suppressed cellular senescence and skin damage induced by AAPH or UV. Mechanistically, caffeine facilitated the elimination of ROS by activating autophagy. Using a combination of RNAi and chemical treatment, we demonstrate that caffeine activates autophagy through a series of sequential events, starting from the inhibition of its primary cellular target adenosine A2a receptor (A2AR) to an increase in the protein level of Sirtuin 3 (SIRT3) and to the activation of 5' adenosine monophosphate-activated protein kinase (AMPK). Oral administration of caffeine increased the protein level of SIRT3, induced autophagy, and reduced senescence and tissue damage in UV-irradiated mouse skin. On the other hand, co-administration with autophagy inhibitors attenuated the protective effect of caffeine on UV-induced skin damage in mice.
Introduction
Senescence is an important mechanism that protects cells from oncogenic stresses [1] . However, senescence also contributes to age-related pathologies in various tissues, especially in the skin [2, 3] . Cellular Ivyspring International Publisher senescence induces aberrant collagen homeostasis [4] and causes gradual loss of epidermal stem cell function [5] , which will eventually disrupt the structural integrity and the function of skin, resulting in skin aging. Accumulation of molecular damage due to reactive oxygen species (ROS) generation has long been thought to drive skin aging [2, 6] , indicating oxidative stress as a causative factor of skin senescence. ROS can be engendered by a variety of sources, such as UV light, environment pollution, mitochondria respiration [7] . Among these factors, UV irradiation is considered to be most deleterious in inducing cellular senescence and aging in the skin [8] . Hence, inhibiting oxidative stress-induced senescence has the potential to protect skin from damage, holding the promise of treating human skin disorders in the clinic.
1,3,7-trimethylxanthine (caffeine) is a bioactive natural compound that exists in coffee, tea, and many other food products. Caffeine elicits a variety of biological functions across a wide range of doses, including smooth muscle relaxation, calcium release, anti-oxidative stress, lipid metabolism, etc. [9] . The primary target of caffeine is the G-protein coupled adenosine receptors at the central and peripheral nervous systems, as well as in organs including heart and lung [10] . Caffeine shows the highest affinity (~10 μM) towards the A2AR subtype of adenosine receptors [11] . At high dose (mM range), caffeine also inhibits the ataxia telangiectasia mutated and Rad3-related (ATR) kinase and subsequently the DNA damage response [12] . Recent studies suggest a protective role of caffeine against oxidative stress and senescence. For instance, caffeine inhibited oxidative stress-induced senescence in human vascular endothelial cells [13] , and extended the lifespan of yeast [14] . Topical application of high dose of caffeine protected mouse skin from UVB-induced photodamage [15] , and this protective effect mainly resulted from the inhibition of ATR followed by induction of apoptotic cell death. However, the precise mechanisms remain elusive and it is unclear whether caffeine at low concentrations (e.g., μM) could protect skin cells or tissues from oxidative stress-induced cellular senescence.
Autophagy is a highly orchestrated process that clears damaged proteins and organelles inside the cell [16] . Decline in or inhibition of autophagy is associated with senescence and premature aging [17, 18] . Conversely, activation of autophagy inhibited stress-induced cellular senescence and delayed aging [19] . We recently reported that trans-resveratrol protected macrophage from oxidative stress through activating the SIRT3/AMPK-induced autophagy [20] , suggesting a critical role of the SIRT3/AMPK pathway in autophagy activation in the presence of oxidative stress. SIRT3 belongs to the mammalian sirtuin family (SIRT1-7) member and has gained particular interest to the aging field due to its localization in the mitochondria and the association with exceptionally long lifespan in humans [21] . SIRT3 mediates the protective effect of caloric restriction on age-related hearing loss [22] , and plays a protective role against cardiac aging [23] . Up-regulation of SIRT3 improved the regenerative capacity of aged hematopoietic stem cells [24] and antagonized high glucose-induced senescence in human fibroblasts [25] . AMPK, a key energy sensor, is a downstream target of SIRT3 and a known positive regulator of autophagy [26] . It does so through directly phosphorylating Unc-51 like kinase 1 (ULK1) [27] and/or BECN1/Beclin1 [28] in parallel to its inhibition on the mechanistic target of rapamycin (mTOR) [29] . Therefore, SIRT3 and AMPK could serve as critical mediators of autophagy in response to oxidative stress.
To determine the role of caffeine (low dose) in protecting skin tissues or cells from oxidative stress, we utilized 2,2'-Azobis (2-amidinopropane) dihydrochloride (AAPH), a commonly used water-soluble azo free radical initiator, as the oxidative stress model in vitro. AAPH has been extensively used as a source of ROS [30] to explore the physiological and pathological roles of oxidative stress both in vitro [20] and in vivo [31] . Although not fully understood, it is assumed that AAPH will lead to the production of peroxyl [32] and alkoxy radicals [33] . In addition, we also employed UV radiation as the in vivo oxidative stress model. Here we report that low dose of caffeine (1-10 μM) inhibits AAPH-or UV-induced skin cell senescence through activating the A2AR/SIRT3/AMPKmediated autophagy. These results illustrate the molecular mechanisms underlying the protective effect of caffeine against oxidative stress-induced skin damage.
Results

AAPH induces cellular senescence
To explore strategies that can ameliorate oxidative stress-induced skin aging, we first established senescence models in human A375 melanoma cells and mouse NIH3T3 fibroblasts by AAPH. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) survival assay showed that AAPH inhibited the proliferation of both A375 ( Figure 1A ) and NIH3T3 ( Figure 1F ) cells in a timeand concentration-dependent manner. To understand how AAPH inhibited cell proliferation, we analyzed cell cycle and cell death by propidium iodide (PI) and PI/Annexin V staining, respectively. AAPH at doses below 4 mM rarely affected the cell cycle ( Figure S1 ) nor induced cell death ( Figure S2) . However, when the dose was increased to 8 mM and above, AAPH changed the cell cycle profile (mostly G2/M phase arrest, Figure S1 ) and induced cell death (apoptotic and non-apoptotic, Figure S2) . These results suggest a bipartite growth inhibitory effect of AAPH: at high dose, it induces cell cycle arrest and cell death; at low dose, AAPH is generally non-toxic and therefore inhibits cell proliferation through as-yet unidentified mechanisms (e.g., senescence as shown below). Co-treatment with 1 mM n-acetyl-L-cysteine (NAC), a known antioxidant, significantly suppressed the growth inhibition effect of AAPH in A375 cells ( Figure 1B , P < 0.05), confirming the role of oxidative stress in AAPH-induced cell growth inhibition.
Subsequently, we asked if AAPH could induce senescence in skin cells. To this end, we analyzed three widely accepted senescence markers. First, we measured senescence-associated β-galactosidase (SA β-Gal) activity. The results show that AAPH dramatically increased the SA β-Gal activity in A375 ( Figure 1C , left, 1 mM for 48 h) and NIH3T3 cells (Figure 1G, 24 h) , which was significantly suppressed by NAC. These data allowed us to choose a treatment of AAPH at 1 mM for 48 h for A375 cells and 2 mM for 24 h for NIH3T3 cells, respectively, in the following studies. Second, we monitored formation of senescence-associated heterochromatin foci (SAHF), a senescence marker that can be visualized as punctate nuclear focus when staining cells with DAPI or antibodies against K9 trimethylated histone 3 (designated as K9M-H3) [34] . As shown in Figure 1D , AAPH caused robust SAHF formation in A375 cells, which was significantly reduced by NAC ( Figure 1D , P < 0.01). Third, we examined activation of p53 and p21, as the p53-p21 pathway not only regulates cell cycle arrest and cell death, but also plays a critical role in senescence induction [35] . AAPH significantly increased the protein level of p21 and elevated p53 phosphorylation in A375 cells (Figure 1E ), indicating activation of this pathway. Co-treatment with NAC reversed the AAPH-induced activation of the p53-p21 pathway ( Figure 1E , P < 0.01). These results suggest that AAPH induces cellular senescence in transformed skin cells in a manner dependent on oxidative stress. 
Caffeine inhibits AAPH-induced oxidative stress and senescence
Caffeine had been shown to inhibit oxidative stress-induced vascular endothelial cell senescence [13] . We found that caffeine at 2.5-10 μM significantly attenuated the growth inhibitory effect of AAPH in NIH3T3 cells (Figure S3A ). This prompted us to ask whether caffeine could suppress AAPH-induced cellular senescence. We found that caffeine indeed inhibited AAPH-induced increase in the SA β-Gal activity in A375 (Figure 2A ) and NIH3T3 cells ( Figure  S3C) . Further, caffeine suppressed AAPH-induced SAHF formation in A375 cells (Figure 2B) , increases in p53 phosphorylation and p21 protein levels both in A375 ( Figure 2C ) and in NIH3T3 cells ( Figure S3B) . These results show that caffeine inhibits oxidative stress-induced cellular senescence.
Since caffeine was reported to protect cells from oxidative stress [36] , we asked if caffeine could inhibit the effect of AAPH through reducing the level of ROS in cells by measuring ROS generation. The results show that AAPH at 1 mM dramatically increased the cellular level of ROS in A375 cells, which was reduced by caffeine in a dose-dependent manner ( Figure  2D-E) . Caffeine reduced AAPH-induced ROS to a level comparable to that inhibited by NAC ( Figure  2D-E) . Using two plasmids, pHyPer-cyto and pHyPer-dMito, to monitor ROS generation in situ in the cytosol and in the mitochondria [37] , respectively, we show that caffeine dramatically reduced AAPH-induced ROS both in the cytosol and in the mitochondria ( Figure 2F) .
Glutathione (GSH) plays a key role in quenching ROS inside the cell [38] . Therefore, we asked if AAPH and caffeine could affect cellular GSH levels. Using high-pressure liquid chromatography equipped with electrochemical detector (HPLC-ECD), we show that AAPH reduced the cellular level of GSH in A375 cells (Figure S4A) , indicating constant clearance of ROS by GSH followed by depletion of this endogenous antioxidant. Caffeine significantly, although not completely, inhibited AAPH-induced GSH reduction ( Figure S4A , P < 0.05). ROS could react with polyunsaturated fatty acids in lipid membranes and induce lipid peroxidation [39] . Therefore, we assessed lipid peroxidation by measuring the production of malondialdehyde (MDA) using the thiobarbituric acid reactive substance (TBARS) assay and protein expression of 4-hydroxynonenal (4-HNE) using western blotting in AAPH-treated A375 cells. Protein carbonyl content was also measured as a biomarker of oxidative protein damage [40] . Results show that AAPH significantly elevated the cellular contents of MDA ( Figure S4B , P < 0.01), 4-HNE (Figure S4E) , and protein carbonyl ( Figure S4F , P < 0.05). Importantly, these changes caused by AAPH were all inhibited by caffeine.
To understand if caffeine could directly chelate ROS, we performed in vitro oxygen radical absorbance capacity (ORAC) assay [41] . Trolox, a free radical scavenger, dramatically reduced AAPH-induced ROS ( Figure 2G) . Similarly, the antioxidant NAC dose-dependently quenched ROS ( Figure 2G) . However, caffeine failed to chelate ROS in vitro even at 10 μM (Figure 2G) , a concentration that is high enough to significantly reduce ROS levels in cells (Figure 2D-E) . These results suggest that caffeine reduces cellular ROS levels through mechanisms distinct from directly chelating ROS.
Autophagy accounts for the anti-senescence effect of caffeine
Rapamycin, an autophagy inducer, inhibited AAPH-induced SA β-Gal activity (Figure 2A) , SAHF foci formation (Figure 2B ), p53 phosphorylation and p21 level increase (Figure 2C ), suggesting that activation of autophagy attenuated the effect of AAPH. To understand if autophagy has accounted for the anti-senescence effect of caffeine, we co-treated cells with caffeine and 3-methyladenine (3-MA), an autophagy inhibitor [42] . We found that 3-MA almost completely blocked the inhibitory effect of caffeine on AAPH-induced SA β-Gal activity (Figure 2A and Figure S3C ) and SAHF formation ( Figure 2B) . Further, caffeine increased both BECN1 levels and LC3 I/II conversion, two autophagy markers [42] , in A375 ( Figure 3A ) and NIH3T3 cells ( Figure S3D) . Importantly, the effect of caffeine was enhanced by rapamycin but suppressed by 3-MA ( Figure 3A) . In contrast, NAC did not affect the expression levels of these autophagy proteins ( Figure 3A and Figure  S3D ). Similar to caffeine, rapamycin also inhibited the AAPH-induced decrease in GSH ( Figure S4A ) and the increase in MDA, protein carbonyl and 4-HNE levels ( Figure S4B, S4E and S4F ). These data suggest that unlike NAC that directly quenches ROS, caffeine likely suppresses the oxidative stress-induced senescence through the activation of autophagy.
Mitophagy is a special form of autophagy that maintains cell homeostasis through clearing damaged mitochondria with reduced membrane potential [43] . To determine if mitophagy is involved in the protective effect of caffeine, we examined autophagosome formation by transmission electron microscope (TEM). Control A375 ( Figure 3B ) or NIH3T3 ( Figure 3E ) cells displayed normal tubular mitochondria, whereas swollen mitochondria were present in AAPH treated cells. Co-treatment with caffeine induced autophagosome formation in AAPH-treated cells (Figure 3B and 3E) . The cargo in the autophagosomes appeared to be degrading mitochondria ( Figure 3B and 3E, indicated by arrows), suggesting that caffeine triggered mitophagy in AAPH-treated cells. As expected, caffeine reduced the increased level of p21 and suppressed p53 phosphorylation ( Figure 3C and Figure S3B ), and these effects of caffeine were suppressed by 3-MA. However, co-treatment with rapamycin did not further enhance the effect of caffeine (Figure 3C ), indicating that these two agents might converge on the same pathway (e.g., autophagy activation). Although NAC did not affect expression of autophagy markers, it reversed the effect of AAPH on p21 up-regulation and p53 phosphorylation ( Figure  3C ), reinforcing the idea that NAC inhibits senescence through directly quenching ROS, but not though autophagy activation. Interestingly, we found that caffeine alone did not significantly alter levels of autophagy markers or biological activities (e.g., Figure  3A , 3C and 4C below), indicating that caffeine only elicits protective effects when there is oxidative stress. This fits well with the concept of antagonist, supporting a role of caffeine in protecting oxidative stress-induced skin damage.
To directly confirm the activation of mitophagy, we expressed RFP-LC3 and pAcGFP1-Mito to monitor autophagosome formation and mitochondria morphology, respectively, in live cells. Control NIH3T3 cells displayed normal uniform network of mitochondria ( Figure 3D , green fluorescence, inserted images with higher magnification). AAPH treatment induced mitochondria fragmentation ( Figure 3D ). Co-treatment with caffeine at least partially restored the normal mitochondria network and induced punctate appearance of RFP-LC3, indicating the presence of autophagosome and the activation of autophagy ( Figure 3D ). Using Image J software to analyze the co-localization between RFP-LC3 and pAcGFP1-Mito signals, we revealed a positive correlation between RFP-LC3 and mitochondria by caffeine ( Figure 3D , Pearson's correlation). Similar to 3-MA, Mdivi-1, a mitophagy inhibitor that prevents mitochondria fission [44] , dramatically reduced the caffeine-induced autophagosome formation ( Figure 3D ). As a negative control, RFP-LC3 did not co-localize with cytoskeletal F-Actin ( Figure S5 ). These data suggest that the caffeine-induced autophagy is largely mitophagy.
Caffeine protects normal human epidermal keratinocytes (NHEKs) from oxidative stress
To expand the biological significance of our results, we asked if the protective effect of caffeine could be recapitulated in primary human skin cells. To do so, we treated NHEKs isolated from adult abdominal skin with 1 mM of AAPH for 48 h in the presence or absence of caffeine, rapamycin or 3-MA, and detected cellular senescence and autophagy activation by measuring SA β-Gal activity and autophagy marker protein expression, respectively. AAPH increased the SA β-Gal activity in NHEKs, which was largely blocked by caffeine or rapamycin ( Figure 4A) . Conversely, co-treatment with the autophagy inhibitor 3-MA attenuated the protective effect of caffeine ( Figure 4A ). Caffeine decreased p53 phosphorylation and p21 protein levels, increased BECN1 protein levels and LC3 I/II conversion in AAPH-treated NHEKs ( Figure 4C ). Furthermore, mitophagy was identified in caffeine treated cells as indicated by the punctate staining of endogenous LC3β protein ( Figure 4B in green) , which co-localized with the mitochondria marker Mito-Red ( Figure 4B in red). Importantly, the autophagy inhibitor 3-MA suppressed the effect of caffeine ( Figure 4B ). These results demonstrate that caffeine also protects normal human skin cells from oxidative stress-induced senescence through activating autophagy/mitophagy.
The A2AR/SIRT3/AMPK pathway is responsible for caffeine-activated autophagy
Subsequently we investigated the signaling pathway that leads to the activation of autophagy by caffeine. Caffeine targets many cellular proteins including ATR, mTOR and A2AR. To understand if inhibition of ATR is involved or not, we assessed phosphorylation of ATR and its downstream target checkpoint kinase 1 (Chk1), both are markers of the DNA damage response [45, 46] . ATR is phosphorylated under normal growth conditions ( Figure S6A ), consistent with previous publication [46] . Treatment of cells with 1 mM AAPH, 1 μM caffeine alone or in combination did not increase ATR phosphorylation ( Figure S6A ). On the other hand, camptothecin (CPT), a topoisomerase 1 inhibitor and also a known DNA damage inducer, increased the level of p-ATR. Most importantly, pretreatment with caffeine did not inhibit the increase in p-ATR by CPT in A375 cells (Figure S6A) , consistent with the fact that the concentration of caffeine used here (1-10 μM) was much lower than the IC50 (greater than 2 mM) required to inhibit ATR [12] . Similarly, AAPH or caffeine alone did not induce Chk1 phosphorylation. Further, caffeine at this concentration did not prevent Chk1 phosphorylation induced by CPT (note that the slight reduction in p-Chk1 in caffeine-treated A375 cells in Figure S6A resulted from the lower level of total Chk1 protein). These data suggest that AAPH did not activate the DNA damage response and caffeine did not inhibit ATR in these experimental settings. Similarly, caffeine at 1-10 μM did not appear to inhibit mTOR, as evidenced by the lack of significant reduction in the level of phosphorylated mTOR or the mTOR downstream target p70S6K ( Figure 3A) . In contrast, the mTOR inhibitor rapamycin dramatically reduced levels of p-p70S6K, and to a much lesser degree, p-mTOR ( Figure 3A) . Combined, these results suggest that inhibition of ATR or mTOR is not involved in the protective effect of caffeine against AAPH-induced oxidative damage.
The concentrations of caffeine that we used here are known to inhibit its primary target, A2AR [11] . To confirm that caffeine indeed inhibited A2AR, we measured the cellular level of cAMP, since A2AR activates adenylyl cyclase and induces the synthesis of intracellular cAMP [10] . CGS21680, a classic A2AR agonist [47] , increased the cellular level of cAMP in a dose-dependent manner ( Figure 5A, CGS) ; however, treatment with 5 μM caffeine significantly suppressed cAMP production by CGS21680 (Figure 5A ), indicating the inhibition of A2AR. As A2AR is a known receptor for adenosine [10] , we measured the cellular level of ATP. We found that AAPH alone or in combination with caffeine did not significantly alter the cellular level of ATP (Figure S7 ), indicating that AAPH or caffeine does not regulate the cellular level of ATP.
To determine if inhibition of A2AR is required for caffeine-activated autophagy, we depleted ADORA2A, the gene expressing A2AR, and examined AAPH-induced senescence. The results show that a 40-60% reduction in A2AR protein levels by two independent small interfering RNAs (siRNAs) already significantly inhibited AAPH-induced p53 phosphorylation and p21 increase ( Figure 5B and Figure S8A ). In parallel, ADORA2A depletion increased BECN1 levels and induced LC3 I/II conversion ( Figure 5B and Figure S8A ), indicating the activation of autophagy. Most importantly, ADORA 2A depletion dramatically reduced AAPH-induced SA β-Gal activity in A375 cells ( Figure 5C and Figure  S8B ). These results of ADORA2A depletion are reminiscent of caffeine treatment, suggesting that inhibition of A2AR is able to activate autophagy and inhibit senescence induced by AAPH.
We also noticed that depletion of ADORA2A inhibited the reduction in the protein level of SIRT3 by AAPH ( Figure 5B and Figure S8A ). Given that SIRT3 has been reported to activate mitophagy [48] through its downstream factor AMPK [29] , we explored the involvement of the SIRT3/AMPK pathway in caffeine-activated autophagy. We observed that AAPH reduced the protein level of SIRT3 and phosphorylation of AMPK ( Figure 5D ). However, caffeine rescued both SIRT3 level and AMPK phosphorylation in the presence of AAPH ( Figure 5D ). Like caffeine, SCH58261, another selective A2AR antagonist [49] , strongly suppressed AAPH-induced inhibition on SIRT3 protein level and AMPK phosphorylation (Figure 5D, SCH) . In contrast, the A2AR agonist CGS21680 greatly inhibited the effect of caffeine (Figure 5D , CGS). These results suggest that inhibition of A2AR is an upstream event of SIRT3 and AMPK by caffeine.
To further determine the role of A2AR in the caffeine-induced autophagy, we measured BECN1 protein levels and LC3 I/II conversion. Caffeine and the A2AR antagonist SCH58261 increased BECN1 protein levels and LC3 I/II conversion, whereas the A2AR agonist CGS21680 almost completely blocked these effects of caffeine ( Figure 5E ). Furthermore, AAPH-induced p53 phosphorylation, p21 up-regulation, and SAHF formation were suppressed by SCH58261 in a manner similar to caffeine ( Figure  5F -G). In contrast, the agonist CGS21680 reversed the inhibitory effect of caffeine (Figure 5F -G). These data suggest that caffeine induces autophagy through the inhibition of A2AR followed by the activation of the SIRT3/AMPK pathway. Inhibition of mTOR is known to activate autophagy. However, our results show that caffeine activated autophagy without the inhibition of mTOR ( Figure 3A) . The elevated AMPK phosphorylation could explain this discrepancy, as activation of AMPK is able to directly activate autophagy through regulating ULK1 [27] and/or BECN1 [28] .
To confirm the role of SIRT3/APMK in caffeineactivated autophagy, we knocked down SIRT3 by two siRNAs in A375 cells ( Figure 5H and Figure S8C ). We found that caffeine showed much less effect on AAPH-reduced AMPK phosphorylation in SIRT3 depleted cells than in control cells ( Figure 5J and Figure S8D ), confirming that SIRT3 is the major upstream regulator of AMPK. Moreover, the increased BECN1 protein level and LC3 I/II conversion by caffeine were significantly reduced by siRNA targeted SIRT3 (Figure 5I and Figure S8E) . Further, SIRT3 depletion abolished the inhibitory effect of caffeine on AAPH-induced p53 phosphorylation and p21 up-regulation ( Figure 5K and Figure  S8F) .
To further determine the importance of autophagy in the effect of caffeine, we utilized a HeLa cell line whose BECN1 has been stably depleted by RNAi [50] . We observed that loss of BECN1 attenuated the inhibitory effect of caffeine on AAPH-induced increase in the SA β-Gal activity (Figure S9) , confirming that autophagy is required for the inhibitory effect of caffeine on oxidative stress-induced senescence. Together, these results suggest that caffeine inhibits A2AR, leading to an increase in protein levels of SIRT3 and subsequently AMPK phosphorylation, which ultimately activates autophagy and attenuates cellular senescence induced by ROS.
Caffeine inhibits UV light-induced senescence in mouse dorsal skin by autophagy UV irradiation can generate free radicals and cause oxidative damage in the epidermis and the dermis of skin [51] . Since our data show that caffeine triggers autophagy to protect normal skin cells from oxidative damage, we asked whether caffeine could protect UV-induced skin tissue damage. Similar to AAPH, UV irradiation increased the SA β-Gal activity in skin tissues ( Figure 6A) . The SA β-Gal staining pattern in our hands is similar to a previous report, in which UV light induced senescence in the skin of TP53 deficient mice [52] . UV irradiation also greatly increased the epidermis thickness ( Figure S10 ) and reduced the collagen fiber content (Figure 6B) in mouse dorsal skin. Remarkably, oral administration of caffeine (10 to 20 mg/kg) reduced the UV-induced SA β-Gal activity ( Figure 6A , indicated by yellow arrows) and the increase in the epidermis thickness ( Figure S10 ) of mouse skin. In contrast, the collagen fiber content was increased by caffeine ( Figure 6B) . We also detected increases in p21 protein levels and p53 phosphorylation in skin tissues by UV irradiation (Figure 6C) , indicating the activation of the p53-p21 pathway. Importantly, caffeine suppressed increases in both p21 protein level and p53 phosphorylation caused by UV in the skin tissue ( Figure 6C) . These data suggest that caffeine also protected skin from UV damage in mice, as seen in AAPH-treated cell cultures. We observed that UV elevated the levels of MDA, protein carbonyl and 4-HNE, and caffeine significantly attenuated such increases in a dose-dependent manner ( Figure S4C, S4D and S4G) , confirming the generation of ROS by UV in vivo. The autophagy inhibitor 3-MA or the mitophagy inhibitor Mdivi-1 blocked the effect of caffeine (Figure S4C and  S4G) . Again, we did not detect phosphorylation of Chk1 or the histone H2A variant X (H2AX) after 24 h of UV irradiation (Figure S6B, p-Chk1 and γH2AX) , both of which are widely used as markers of the DNA damage response [45] . These results suggest that skin cells might have efficiently repaired DNA damage after 24 h of UV exposure, as previously reported [53, 54] . In addition, treatment with caffeine did not inhibit or promote the effect of UV (Figure S6B) , suggesting that caffeine at this particular experimental setting did not induce accumulation of DNA damage in mouse skin.
Further, we showed that caffeine increased the protein levels of SIRT3 and BECN1 and promoted LC3 I/II conversion, whereas 3-MA or Mdivi-1 blocked these effects of caffeine ( Figure 6C) . Lastly, TEM imaging of epidermis tissues revealed that UV caused severe damage of mitochondria, and treatment with caffeine induced formation of autophagosomes targeting damaged mitochondria in mouse skin ( Figure 6D , indicated by red arrows). These data provide strong in vivo evidence for the protective effect of caffeine against UV-induced skin damage through activating autophagy (likely mitophagy).
Discussion
Cellular senescence has been implicated in the aging process of numerous mammalian tissues especially the skin [3] . Etiological studies reveal that oxidative stress is a key factor for skin aging [55] , as it impairs the mitochondrial function, which in turn promotes excessive generation of ROS to accelerate the senescence process. In addition, oxidative stress is a potential inducer of the tumor-suppressor p53, which also mediates cellular senescence [56] . Chronic exposure of skin to UV radiation can give rise to free radicals, which could eventually cause cellular senescence and result in skin photo-aging or cancer [51] . In this regard, intervening strategies that can protect skin from oxidative stress-or UV-induced damage have great potential in treating skin diseases in the clinic. Consistent with this idea, clinical studies have reported beneficial effects of antioxidants on UV-induced skin damage [57] .
Caffeine has long been reported to protect UV-induced damage. For instance, caffeine protected skin cells against UVB-induced carcinogenesis, and this effect required the inhibition of the ATRdependent DNA damage response [13, 58] . Here we provide evidence that caffeine at ~10 μM protected skin cells from oxidative stress-induced senescence and damage, suggesting that this agent is able to elicit beneficial effects at concentrations that are much lower than previously used/thought. Even though there were studies showing the protective effects of caffeine against oxidative stress in skin cells [59] [60] [61] , to the best of our knowledge, this is the first to reveal the detailed molecular mechanism. We show that this protective effect of caffeine does not involve the inhibition of ATR or mTOR; instead, it is through its primary cellular target, the adenosine receptor A2AR. Using RNAi and agonists/antagonists, we show that inhibition of A2AR by caffeine activates the SIRT3/ AMPK-regulated autophagy/mitophagy pathway to relieve oxidative stress. Most importantly, we observed similar protective effects of caffeine in skin cancer cell lines, NHEKs and mouse skin tissues, suggesting a strong pathophysiological relevance of our results. Further, our data suggest that the anti-senescence effect of caffeine is closely associated with the induction of autophagy, whereas that of NAC is mainly through the direct scavenging of oxidative free radicals. Together, our studies suggest caffeine (at relatively low dose) as an effective strategy to reduce skin damage under pathophysiological conditions.
Our results also raised several interesting questions that warrant further investigation. For instance, how does 3-MA or NAC regulate AAPHinduced BECN1 protein levels? While function of BECN1 is directly regulated by protein interaction, cellular localization and posttranslational modification, its protein levels are controlled by gene transcription [62] and protein degradation [63, 64] . Therefore, 3-MA or NAC could induce upregulation of BECN1 transcription, stabilize BECN1 protein or both. This represents an interesting research extension to the current study that will be addressed in the near future. In addition, SIRT3 has been reported to deacetylate FOXO3, which could detoxify ROS through transcriptional upregulation of antioxidant enzymes and therefore protects mitochondria from oxidative stress [65] . To determine if FOXO3 might participate in the protective effect of caffeine against oxidative stress, we measured FOXO3a acetylation levels in cells treated with AAPH in the presence or absence of caffeine. We found that AAPH actually reduced the level of acetylated FOXO3a compared with control cells, and caffeine further reduces the level of acetylated FOXO3a, although only slightly (data not shown). These results are contradictory to our expectation as AAPH reduced the level of SIRT3. We speculate that a number of reasons could have caused such a reduction in FOXO3a acetylation by AAPH. First, in addition to SIRT3, other deacetylation enzymes, such as SIRT1, SIRT2, and class IIa histone deacetylase, have been reported to deacetylate FOXO3a [66] [67] [68] . Second, even though AAPH reduced the protein level of SIRT3, there is still a large amount of SIRT3 proteins left, which might be sufficient to suppress FOXO3a acetylation. Third, AAPH might have as-yet unidentified targets that regulate FOXO3a protein acetylation. The p53-p21 tumor-suppressing pathway plays a critical role in cell cycle arrest, cell death and cellular senescence [35] . It has been reported that p53 is able to activate AMPK through mechanisms such as increasing the AMPKα subunit phosphorylation and increasing expression of AMPK upstream mediators Sestrin1/2 [69] . On the contrary, p53 was also reported to be a downstream target of AMPK [70] . In the present study, we observed that AAPH or UV promoted p53 phosphorylation while reduced phosphorylation of AMPK, suggesting a negative correlation between p53 and AMPK in our study. Therefore, it would be interesting to determine how exactly these two proteins functionally interact, if any, in our experimental settings. Further, our data showed that autophagy was activated in both cancer cells (A375) and NHEKs by caffeine, consistent with the idea that autophagy promotes survival for both normal [71] and cancer cells [72] . Therefore, although caffeine can protect against ROS and prevent carcinogenesis in normal skin tissues, it might also benefit tumor cell growth and lead to therapy resistance. In this regard, further studies are needed to thoroughly investigate the dual roles of caffeine in normal versus transformed cells, and careful consideration should be given when using caffeine or related small molecules as an adjuvant supplement in either the clinic or during normal daily life.
Materials and methods
Reagents
Caffeine (#031-06792) and AAPH (#017-21332)
Animal care
Eight-week old female C57BL/6 mice were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). All mice were housed in-group in cages with bedding, controlled temperature (23 ± 2 o C), humidity (50 ± 5%) and illumination (12 h light/dark cycles). Mice were adapted to the facility for one week before experiments. All animal experiments were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (NIH publication No. 80-23, revised in 1996) and were approved by the Animal Ethics Committee of Jinan University (Approval Number: 20130904001).
UV irradiation
Seventy mice were divided into six groups: control, UV alone, UV + caffeine (10 mg/kg, p.o.), UV + caffeine (20 mg/kg, p.o.), UV + caffeine (20 mg/kg, p.o.) + 3-MA (15 mg/kg, i.p.), and UV + caffeine (20 mg/kg, p.o.) + Mdivi-1 (1.5 mg/kg, i.p.). Mouse dorsal skin was shaved and irradiated with a light tight box equipped with a 20 W UVA lamp and a 20 W UVB lamp for 6 weeks. Doses of UVA and UVB were equivalent to 50 mJ/cm 2 for the first two weeks, increased to 100 mJ/cm 2 in the 3 rd week, and to 300 mJ/cm 2 during the 4 th -6 th weeks. Total irradiated doses of UVA and UVB were approximately 7.7 J/cm 2 . During UV radiation, mice were orally given different doses of caffeine once daily. Mdivi-1 and 3-MA were intraperitoneally injected to mice 30 min before caffeine administration. Twenty-four hours after the last UV exposure, the dorsal skin tissues were collected for hematoxylin-eosin (H&E), Masson's Trichrome staining, western blotting and TEM.
Histological examination
Mice skin tissues were fixed in 10% formalin (pH 7.4) for 24 h, dehydrated, embedded in paraffin, and sectioned to 6 μm thick slices. The slices were stained with H&E to observe epidermal thickness change and images were semi-quantitatively measured by using Image Pro Plus 5.0 (Media Cybernetics, Rockville, MD, USA). Masson staining was used to detect the change of collagen fibers. The histological changes of skin were observed under optical microscope (Olympus Co., Tokyo, Japan).
Cell culture
Human A375 melanoma, mouse NIH3T3 fibroblast cells, HeLa cells and NHEKs from adult abdominal skin were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). A375 and NIH3T3 cells were cultured in DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% heat inactivated (56 °C, 30 min) fetal bovine serum (ThermoFisher Scientific, Franklin, MA, USA) at 37 °C with 5% CO2. NHEKs were cultured in dermal cell basal medium supplemented with 0.4% bovine pituitary extract, rh-TGF-α (0.5 ng/mL), L-Glutamin (5 mM), rh-insulin (5 mg/mL), epinephrine (1 mM), and apo-transferrin (5 mg/mL) (ATCC, Manassas, VA, USA). Cells in the exponential phase of growth were used. The BECN1-KD HeLa cell line was constructed through RNAi and provided by Dr. Du Feng (Guangdong Medical University). It was cultured as previously reported [50] .
MTT assay and inhibitory ratio calculation
MTT assay was applied to determine the effects of test reagents on cell growth. Briefly, cells were seeded in a 96-well plate with a density of 1 × 10 5 cells per well. After 24 h, cells were treated with agents for indicated time. Then, 20 µL of MTT solution (0.5%) was added to each well and incubated for 4 h. After the supernatant was removed carefully, each well was added 150 µL of DMSO and shaken for 10 min to dissolve formazan crystals. Finally, the absorbance was read at 570 nm using a microplate reader 
Determination of ROS generation rate in A375 cells
A375 cells were seeded at a density of 3×10 3 /well on a 96-well plate at 37 °C with 5% CO 2 for 24 h. After 48 h of drugs treatment, cells were washed twice with PBS and then 10 µM DCFH-DA was added to the wells. The plate was immediately placed into a TECAN GENios fluorescence microplate reader (Männedorf, Switzerland) at 37 °C with an excitation/ emission wavelength pair at 485/535 nm. Fluorescence was detected every 2 min for 1 h. The relative ROS generation rate was expressed as the change of area under the fluorescence curve per minute.
Mitochondria and cytoplasm ROS levels in A375 cells were determined by pHyPer-dMito and pHyPer-cyto plasmids, respectively. pHyPer-cyto and pHyPer-dMito are mammalian expression vectors encoding cytoplasmic and mitochondria-targeted HyPer fluorescence proteins, respectively. When transfected, they can be used to determine the ROS levels in mitochondria and cytoplasm of cells, respectively. A375 cells were seeded at confocal dish and cultured for 24 h in DMEM with 10% FBS to reach around 70% confluency before transfection. Plasmids (pHyPer-cyto and pHyPer-dMito) were transfected as described above.
Determination of MDA level in A375 cells and skin tissues
The level of MDA was determined by the TBARS assay according to the protocol provided by the manufacturer (Nanjing Jian Cheng Bioengineering Institute, Nanjing, China). After treatment, cells were collected and lysed with sonication. For skin tissues, 10% homogenate was prepared by a homogenizer. Then the samples were centrifuged at 4000 rpm for 15 min at 4 o C, and the supernatants were used to detect the content of MDA.
Determination of protein carbonyl content in A375 cells and skin tissues
The content of protein carbonyl was measured according to the protocol provided by the manufacturer (Sigma, St. Louis, MO, USA). Skin tissues or cells were lysed and supernatants were collected for reaction. After the assay reaction, protein carbonyl content was determined by measuring absorbance at 375 nm. The results were expressed as nmol carbonyl per mg protein.
Determination of GSH level in A375 cells by HPLC-ECD
GSH analysis was measured by HPLC-ECD. Briefly, after treatment, cells were washed with cold PBS and collected by centrifugation at 2000 rpm for 15 min. Cell pellets were resuspended in 200 μl of PBS and lysed by sonication, followed by centrifugation at 15000 rpm for 15 min at 4 o C. The supernatant was collected and added with an equal volume of 6% perchloric acid and centrifuged at 15000 rpm for 1 min at 4 o C. The supernatant were filtered by a 0.22 μm filter and transferred into HPLC vials for analysis. For detection, 600 and -150 mV was applied. A C18 column (4.6×150 mm, 5 μm; Cosmosil, Japan) was used to separate the samples. Mobile phase contained 3.9 g of sodium dihydrogen phosphate and 0.31 g of ocane sulfonic acid sodium and adjusted to pH 3.0 with orthophosphoric acid. The column temperature was maintained at 40 o C, and the injection volume was 20 µL with a flow rate of 0.8 mL/min.
cAMP assay
In brief, A375 cells (3×10 6 ) were incubated for 30 min at 37 °C with either the A2AR agonist CGS21680 alone or CGS21680 in different concentrations together with 5 μM of caffeine. Cells after treatment were harvested and centrifuged at 1000 rpm for 5 min, lysed and cAMP content was quantified using a cAMP assay kit (Abcam, Cambridge, UK) according to the manufacturer's instructions.
ATP measurement by HPLC
A375 cells (1×10 6 ) were homogenized with 0.4 M perchloric acid. After centrifugation, the samples were adjusted to pH 6.5 and were mixed with potassium dihydrogen phosphate buffer and filtered through a 0.22 µm membrane. The C18 column (4.6 × 250 mm, Comosil, Japan) was equilibrated by 0.05 M potassium dihydrogen phosphate buffer at a flow rate of 1 mL/min. Levels of ATP were measured by a Hitachi HPLC system (Tokyo, Japan) with an UV detector at 254 nm.
SA β-galactosidase staining assay
To measure cellular senescence, cells were stained with the SA β-Gal staining kit (Beyotime Institute of Biotechnology, Nanjing, China) according to the manufacturer's instructions. Images containing >200 cells were taken using bright-field microscope, and total and blue-colored cells were counted. The percentage of SA β-Gal positive cells was represented by the ratio between the number of blue-colored cells and the number of total cells from at least three independent experiments.
To determine tissue senescence, skin sections were processed for SA β-Gal staining according to a previous report [73] . After resection and isolation from mice, skin tissues were immediately frozen in liquid nitrogen. Frozen skin tissues were immediately embedded into OCT compound, and sectioned into slices with 4 μm thickness. The slice was fixed with 1% formaldehyde in PBS for 1 min at room temperature. After fixation, slices were washed three times with PBS, and incubated with staining solution at 37 °C overnight. Subsequently, cells were washed twice with PBS, once with methanol, and stained with H&E.
Western blotting and immunoprecipitation
Skin tissues or cells (1×10 7 cells) were lysed in lysis buffer (Beyotime Institute of Biotechnology) for 10 min on ice and lysates were collected by centrifugation (13000 g, 10 min at 4 °C). Protein concentration was determined by the Pierce ® BCA protein assay kit (Thermo Fisher Scientific, Franklin, MA, USA). Approximately 10 μg of protein were separated on SDS-PAGE and transferred to PVDF membrane (Millipore, Billerica, MA, USA). Protein expressions were detected by incubating the membranes with primary antibodies followed by anti-rabbit or anti-mouse secondary antibodies conjugated with horseradish peroxidase and visualized using Pierce ® ECL Western Blotting Substrate (Thermo Fisher Scientific, Franklin, MA, USA). For detecting FOXO3a acetylation by immunoprecipitation, cell lysates were cleared by centrifugation (13000 rpm, 10 min) and the supernatant was incubated anti-acetylated-lysine antibody at 4°C overnight, followed by incubating with Protein G beads (Cell Signaling Technology, Beverly, MA, USA) at 4°C for 4 h. The immuno complex beads were washed three times with lysis buffer and eluted with SDS loading buffer.
Confocal fluorescence microscopy
For confocal fluorescence analysis, cells after treatment were fixed in 3.7% formaldehyde for 15 minutes at room temperature, blocked in 3% BSA in 0.1% Triton X-100 in PBS. To detect SAHF formation in cultured cells, fixed cells were incubated with rabbit anti-K9M-H3 antibody at 4 °C overnight, followed by anti-rabbit secondary antibody conjugated with Alexa Flour 488 at room temperature for 4 h. Cells with condensed imaging of K9M-H3 that co-localized with DAPI in the nuclei were considered as SAHF positive, and were expressed as percentage of SAHF positive cells versus total cell numbers. For detecting mitochondrial morphology and LC3β expression in NHEKs, cells were first stained with Mito Red at 37 °C for 30 min, and then incubated with rabbit anti-LC3β antibody at 4 °C overnight, followed by secondary anti-rabbit antibody conjugated with Alexa Flour 488 at 37 °C for 1 h. After secondary antibody incubation, A375 or NHEKs cells were stained with DAPI for 10 min at room temperature and washed three times in PBS. Images were acquired by a Zeiss LSM510 Meta Duo Scan laser scanning confocal microscope (Carl Zeiss AG, Oberkochen, Germany).
Annexin V-FITC/PI staining for cell apoptosis analysis
The Annexin V-FITC/PI apoptosis detection kit (Kaiji, Nanjin, China) was employed to analyze cell apoptosis by flow cytometry. Briefly, cells after treatment were harvested and resuspended in binding buffer (1×10 6 cells/mL). Aliquots of 5×10 5 cells were mixed with 5 μL of Annexin V-FITC and 5 μL of PI, and incubated for 15 min at room temperature in dark. The samples were analyzed by flow cytometer (BD FACSCanto; BD Biosciences, Franklin Lakes, NJ, USA).
PI staining for cell cycle analysis
Cells were treated with increasing concentration of AAPH for 48 h (A375) or 24 h (NIH3T3), collected and fixed in 70% ethanol. Cells were stained in 0.05 mg/mL PI (beyotime, Shanghai, China) with RNase for 30 min at 4 °C. Single cell suspensions were analyzed by flow cytometer (BD FACSCanto; BD Biosciences, Franklin Lakes, NJ, USA).
Transmission electron microscopy (TEM)
Mouse dorsal skin tissue was cut into small fragments (1 mm 3 ) before fixation. A375, NIH3T3 cells or skin tissues were fixed with 3% glutaraldehyde solution overnight at 4 °C. Cells were treated with CQ (5 µM) to facilitate visualization of autophagosomes. After fixation, skin tissues or cells were treated with 1% osmic acid for 2 h, washed with PBS, and dehydrated with increasing concentrations of ethanol. Following embedding in an Epon mixture and staining with uranyl acetate and lead citrate, cells were cut into ultrathin sections and photographed by using a Philips Tecnai 10 transmission electron microscope (FEI, Hillsboro, OR, USA).
Statistical analysis
All data represent results obtained from at least three independent experiments and were expressed as mean ± S.E.M. The data were analyzed by ANOVA using the Statistics Package for Social Science software (version 19.0; SPSS, Chicago, IL, USA) and LSD-post-hoc test was employed to assess the statistical significance. P-values of less than 0.05 were considered statistically significant.
